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Emulsion-templated	 (polyHIPE)	 scaffolds	 for	 bone	 tissue	 engineering	 were	 produced	 by	
photopolymerisation	 of	 a	 mixture	 of	 trimethylolpropane	 tris(3-mercaptopropionate)	 and	
dipentaerythritol	penta-/hexa-acrylate	in	the	presence	of	hydroxyapatite	(HA)	or	strontium-
modified	 hydroxyapatite	 (SrHA)	 nanoparticles.	 Porous	 and	 permeable	 polyHIPE	 materials	
were	 produced	 regardless	 of	 the	 type	 or	 incorporation	 level	 of	 the	 bioceramic,	 although	
higher	loadings	resulted	in	a	larger	average	pore	diameter.	Inclusion	of	HA	and	SrHA	into	the	




3D	 cell	 culture	 scaffold	 (Alvetex®).	 Cells	 were	 able	 to	 migrate	 throughout	 all	 scaffolds,	
achieving	a	high	density	by	the	end	of	the	culture	period	(21	days).	The	presence	of	HA	and	




marker,	was	used	 to	 investigate	 the	 influence	of	HA	and	SrHA	on	cell	 function.	ALP	 levels	
were	significantly	reduced	on	HA-	and	SrHA-modified	scaffolds	by	day	7,	which	agrees	with	
the	 observed	 early	 onset	 of	 mineralisation	 in	 the	 presence	 of	 the	 bioceramics.	 The	














together	 with	 degradation	 rate,	 to	 permit	 integration	 of	 the	 neo-tissue	 in	 vivo;	 chemical	
and/or	 biological	 factors	 to	 promote	 osteogenesis;	 and	 a	 hierarchy	 of	 pore	 sizes	 that	
promotes	 both	 vascularization	 and	 neo-bone	 formation1.	 Many	 scaffold	 materials	 and	
fabrication	 technologies	 have	 been	 explored,	 including	 supercritical	 foaming	 of	 carbon	
dioxide,	 3D	printing	 of	materials,	 particle	 templating,	 thermally	 induced	phase	 separation	
(TIPS)	and	electrospinning2-5.	No	single	scaffold	type	has	emerged	as	a	generic	substrate	for	
the	 successful	 engineering	 of	 vascularized	 bone	 tissue.	 Amongst	 the	 problems	 associated	
with	 traditional	 methods	 of	 scaffold	 production	 are:	 poor	 interconnectivity	 (hard-sphere	
templating);	 irregular	 and	 poorly	 defined	 morphology	 (TIPS	 scaffolds);	 limited	 cell	
penetration	(electrospun	scaffolds);	lack	of	scaleabililty	(scaffolds	by	3D	printing).	
Highly	 porous	 polymers	with	 a	well-defined	 and	 fully	 interconnected	 porosity	 can	 be	
prepared	readily	by	a	templating	process	involving	a	high	internal	phase	emulsion	(HIPE)6-17.	
The	 HIPE	 is	 created	 with	 a	 droplet	 volume	 fraction	 of	 at	 least	 74%18,	 after	 which	 the	
continuous	 (non-droplet)	 phase	 is	 solidified	 to	 create	 a	 monolithic,	 porous	material.	 The	
resulting	 materials,	 known	 as	 polyHIPEs,	 have	 found	 application	 in	 diverse	 areas	 of	




and	 gas	 storage19-26.	 In	 recent	 years,	 polyHIPEs	 have	 undergone	 intense	 investigation	 as	
scaffolds	 for	 cell	 culture	 and	 tissue	 engineering27-49.	 Non-degradable	 styrenic	 polyHIPE	
materials	have	been	shown	to	provide	a	suitable	environment	 for	 the	 in	vitro	 culture	of	a	
wide	 variety	 of	 cell	 types	 in	 3D28,	 30-33,	 35,	 38,	 39.	 These	 scaffolds	 are	 available	 commercially	
under	 the	 tradename	 Alvetex®.	 In	 our	 group,	 we	 have	 devoted	 recent	 efforts	 to	 the	
generation	 of	 degradable	 polyHIPE	 scaffolds	 for	 regenerative	 applications.	 This	 can	 be	
achieved	 by	 the	 photochemically-induced	 step-growth	 polymerisation	 of	 multifunctional	
thiols	and	alkenes	or	alkynes.	In	particular,	commercially	available	multifunctional	acrylates	
are	 convenient	 comonomers	 for	 this	 process37,	 50-52.	 The	 resulting	 degradable	 porous	
scaffolds	have	been	 shown	 to	be	 suitable	 substrates	 for	 the	3D	culture	of	 keratinocytes37	
and	 fibroblasts51.	 	 These	 previous	 studies	 demonstrated	 the	 biocompatibility	 of	 these	
scaffolds	 using	 two	 different	 cell	 types	 and,	 importantly,	 also	 showed	 that	 the	 scaffold	
degradation	 products	 did	 not	 compromise	 cell	 viability.	 	 Significant	 cell	 attachment	 and	
infiltration	into	the	scaffolds	was	demonstrated	up	to	11	days	in	culture.	




when	 compared	 with	 calcium	 hydroxyapatites.	 The	 dissolution	 products,	 apparently	









In	 this	 article,	 we	 describe	 the	 preparation	 of	 degradable	 thiol-acrylate	 polyHIPE	
scaffolds	 (Figure	 1)	 loaded	 with	 inorganic	 nanoparticles	 as	 a	 substrate	 for	 the	 culture	 of	
















Trimethylolpropane	 tris(3-mercaptopropionate)	 (TMPTMP),	 dipentaerythritol	 penta-
/hexa-acrylate	 (DPEHA),	 1,2-dichloroethane,	 dichloromethane,	 diphenyl	 (2,	 4,	 6-
trimethylbenzoyl)	 phosphine	 oxide/2-hydroxy-2-methylpropiophenone	 blend,	 Pluronic	
F108,	 strontium	hexachloride,	nitric	 acid	and	hydroxyapatite	were	purchased	 from	Sigma-
Aldrich	 and	 used	 without	 modification.	 Hypermer	 B246	 was	 obtained	 from	 Croda	 while	
Alvetex®	3D	 scaffolds	were	purchased	 from	Reinnervate	 Ltd.	 	Complete	media	 for	 culture	
experiments	was	formulated	using	Dulbecco’s	Modified	Eagle	Medium	11995-065	with	10%	






of	 10-3M	 and	 pH	 adjusted	 to	 7.24.	 	 Strontium-substitution	was	 achieved	 by	 adding	 0.5	 g	




three	hours.	The	solutions	were	 then	centrifuged	at	3000	rpm	for	 three	minutes	with	 the	
supernatant	 collected	 for	 inductively	 coupled	 plasma	 optical	 emission	 spectrometry	 (ICP-
OES)	 analysis.	 The	 pellet	 itself	 was	 subsequently	 frozen	 and	 freeze-dried	 over	 two	 days.	
Post-sorption	 supernatant	 and	 the	 original	 strontium	 chloride	 solution	were	 acidified	 and	
diluted	 with	 2%	 HNO3	 and	 analysed	 using	 a	 Varian	 730-ES	 axial	 ICP-OES.	 Certified	multi-
element	 solutions	 were	 used	 to	 check	 the	 accuracy	 of	 the	 calibration	 standards	 used.	
Powders	 were	 also	 analysed	 by	 X-ray	 diffraction	 (XRD)	 with	 a	 Bruker	 D8	 Advance	 X-ray	
diffractometer	operating	under	CuKα	radiation	(40	kV,	40	mA)	and	equipped	with	a	LynxEye	
detector.	 Samples	 were	 scanned	 between	 3.5°<2θ<130°	 with	 a	 step	 size	 of	 0.02°	 and	 a	
count	time	of	1.6	seconds	per	step.	Analyses	were	performed	using	the	Bruker	XRD	search	
match	 program	 EVATM	 with	 crystalline	 phases	 identified	 using	 the	 ICCD-JCPDS	 powder	




The	 oil	 phase	 of	 the	 emulsion	 was	 prepared	 by	 initially	 dissolving	 the	 surfactant	
Hypermer	B246	(0.46	g)	in	7.0mL	of	1,	2-dichloroethane.	TMPTMP	(4.84	g)	and	DPEHA	(3.47	
g)	are	subsequently	added	and	mixed	well	to	create	the	monomer	mixture	(total	volume	14	
mL).	 The	 monomer	 mixture	 is	 then	 transferred	 to	 a	 multi-necked	 flask	 and	 0.7	 mL	 of	
photoinitiator	 (diphenyl	 (2,	 4,	 6-trimethylbenzoyl)	 phosphine	 oxide/2-hydroxy-2-




stirrer	 attached	 to	 a	 D-paddle	 emulsified	 the	 mixture	 at	 300	 rpm.	 The	 emulsion	 was	








Incorporation	 of	 hydroxyapatites	 into	 the	 scaffolds	 was	 achieved	 by	 dispersing	 the	
ceramic	 through	the	monomer	phase	prior	 to	emulsification	with	 formulations	outlined	 in	
Table	 1.	 Emulsification	 and	 polymerisation	 were	 carried	 out	 immediately	 to	 minimise	
sedimentation	 and	 agglomeration.	 Samples	 were	 then	 washed	 in	 acetone	 and	





Samplea	 HA(g)	 SrHA	(g)	 Pluronic	F108	(mg)	




PHP-5SrHA	 -	 0.7	 7	
PHP-10HA	 1.4	 -	 14	
a	PHP:	High	internal	phase	emulsion	templated	polymers	prepared	using	TMPTMP	and	DPEHA	as	co-
monomers,	PHP-5HA:	hydroxyapatite	loading	of	5	wt%	relative	to	volume	of	the	monomer	mixture,	









then	 analysed	 using	 ImageJ	 and	 a	 void	 size	 estimate	 was	 determined	 by	 measuring	 the	

























emission	angle	 is	 ill-defined	 for	 rough	surfaces	and	powders	 (ranging	 from	0º	 to	90º),	 the	
sampling	 depth	 may	 range	 from	 0	 nm	 to	 approximately	 10	 nm.	 Data	 processing	 was	
performed	 using	 CasaXPS	 processing	 software	 version	 2.3.15	 (Casa	 Software	 Ltd.,	








Thermogravimetric	 analysis	 was	 performed	 on	 composite	 materials	 in	 order	 to	
determine	 the	 level	 of	 ceramic	 content	 loaded.	 Samples	 were	 loaded	 onto	 an	 alumina	








Scaffolds	 used	 for	 culture	 of	 MG63	 cells	 were	 prepared	 by	 cutting	 polymerised	
monoliths	with	 a	 Leica	VT1000S	 vibrating	microtome	at	 a	 thickness	 of	 200	µm.	A	 15	mm	
bore	was	 used	 to	 excise	 circular	 scaffold	 samples	 for	 in	 vitro	 culture.	 Samples	were	 then	
dipped	 in	 ethanol	 and	water	 and	 dried	 on	 filter	 paper	 to	 flatten.	 PolyHIPE	 scaffold	 discs	







Cylindrical	 scaffold	 sections	 with	 a	 diameter	 of	 5	 mm	 and	 a	 height	 of	 2	 mm	were	
subjected	to	uniaxial	compression	 in	an	 Instron	5500R	with	a	10	N	 load	cell.	A	cross	head	
speed	 of	 0.25	mm/min	was	 applied	 until	 12.5%	 sample	 deformation	 had	 been	 achieved.	
Data	was	collected	using	BlueHill3	software	version	3.3	and	analysed	in	MATLAB.	The	linear	
region	of	the	load-deflection	curve	was	fitted	with	a	regression	curve	(R2>0.99)	and	used	to	
calculate	 the	strain	of	deformation.	 Load	at	10%	specimen	deformation	or	 the	yield	point	
(whichever	was	 lower)	was	then	used	to	calculate	the	strength.	Compressive	strength	was	




𝐸! = !"!" 		 	 	 	 	 	 [1]		
where,	Ec	is	the	modulus	of	elasticity	in	compression	(Pa),	W	is	the	load	(N),	A	is	the	initial	








Scaffolds	 were	 pre-treated	 by	 washing	 in	 ethanol	 followed	 by	 phosphate	 buffered	
saline	and	complete	media	and	allowed	to	incubate	overnight	at	37	°C,	5%	pCO2.	Media	was	





processed	 using	 the	 Leica	 Peloris	 rapid	 tissue	 processor.	 Cross-sections	 10μm	 thick	 were	
mounted	on	 slides	 and	 stained.	 Processing	 for	 von	Kossa’s	 (VK)	 involved	bringing	paraffin	
sections	to	water	and	placed	 in	1.5%	silver	nitrate	solution	and	 left	 in	strong	 light	 for	one	
hour.	 Slides	were	 then	washed	 in	water	 and	 counterstained	with	nuclear	 fast	 red	 for	 ten	




















each	 well	 and	 mixed	 thoroughly.	 The	 plate	 was	 then	 incubated	 for	 10	 minutes	 at	 room	
temperature,	 and	 the	 absorbance	 read	 at	 595	 nm	 using	 a	 Thermo	 Scientific	 Multiskan	
Spectrum	plate	reader.	The	Bradford	assay	was	performed	in	triplicate	for	each	material	and	
culture	 time	 tested.	 The	 mean	 and	 standard	 deviation	 were	 determined	 and	 a	 two-way	















solution	was	 then	 added	 to	 each	well,	 and	 the	 absorbance	measured	 at	 405	 nm	 using	 a	
Thermo	Scientific	Multiskan	Spectrum	plate	 reader.	 The	Bradford	assay	was	performed	 in	
triplicate	 for	 each	 material	 and	 culture	 time	 tested.	 Mean	 and	 standard	 deviation	 were	







strontium.	 Ion	 concentrations	 of	 Sr2+	 and	 Ca2+	 were	 compared	 between	 the	 original	







	 ICP-OES	(mM)	 	 Lattice	Parameters	(A)	
Sample	 Sr	 Ca	 Powder	Sample	 a	 c	
Strontium	
Chloride	solution	
0.90	 3.0x10-3	 HA	 9.424±0.001	 6.883±0.001	
Supernatant	 0.53	 0.96	 Sr-HA	 9.429±0.001	 6.890±0.001	
	
	 XRD	 patterns	 of	 the	 original	 hydroxyapatite	 powder	 sample	 and	 the	 post-sorption	
hydroxyapatite	 were	 obtained	 and	 a	 Rietveld	 refinement	 applied	 (Figure	 S1).	 Lattice	
parameters	 obtained	 in	 the	 post-sorption	 sample	 are	 larger	 than	 the	 unaltered	
hydroxyapatite	 by	more	 than	 three	 standard	 deviations.	 This	 indicates	 that	 it	 is	 probable	





TMPTMP	 and	 DPEHA.	 Hydroxyapatite	 and	 Sr-modified	 hydroxyapatite	 nanoparticles	 were	
incorporated	by	mechanical	dispersion	through	the	monomer	phase	prior	to	emulsification	
and	 curing.	A	homogeneous	distribution	of	particles	was	obtained	by	 stirring	 the	 solution	
with	a	magnetic	stirrer	at	500	rpm	for	one	hour.	 	The	amount	of	hydroxyapatite	added	to	




partially	 stabilised	 with	 Pluronic	 F108.	 Hydroxyapatite	 incorporation	 into	 the	 polyHIPE	
scaffold	was	evaluated	as	a	 function	of	concentration	between	0-10%	with	 representative	
areas	depicted	in	Figure	2.	Morphological	features	which	hallmark	polyHIPE	materials	such	
as	 rounded	 interior	 and	 highly	 interconnected	 pores	 are	 evident	 in	 all	 materials.	 As	 the	
concentration	 of	 hydroxyapatite	 in	 the	 formulation	 is	 increased,	 the	 ceramic	 becomes	
visible	on	the	scaffold	interior	and	covers	an	increasing	area	of	the	available	surface.	From	
Figure	2,	there	 is	very	 little	difference	 in	the	morphology	of	the	scaffolds	produced	with	0	
wt%	hydroxyapatite	and	those	with	5	wt%	hydroxyapatite.	At	higher	concentrations,	there	
appears	 to	 be	 a	 marked	 destabilising	 effect	 leading	 to	 extremely	 large	 internal	 voids.	









for	 low	and	high	magnification	 respectively.	G	–Void	 size	distribution	of	polyHIPE	 scaffold	




distribution	 for	 the	 native	 polyHIPE	 scaffold,	 in	 red	 is	 the	 distribution	 for	 the	 PHP-5HA	
scaffold	and	in	green	is	the	distribution	for	the	PHP-10HA	scaffold.	
	
	 A	 key	 comparator	 used	 to	 evaluate	 polyHIPE	 morphology	 is	 the	 average	 void	
diameter	 which	 was	 determined	 by	 measuring	 100	 random	 representative	 voids	 and	
applying	a	statistical	correction	factor.	A	mean	void	diameter	of	58±23	µm	was	attained	for	
the	native	polyHIPE	structure	and	a	mean	void	diameter	of	57±28	µm	was	determined	for	
PHP-5HA.	 The	 distribution	 of	 the	 void	 sizes	 is	 described	 in	 Figure	 2	 with	 no	 substantial	
differences	 observable	 between	 PHP	 and	 PHP-5HA.	 At	 10	wt%	 hydroxyapatite,	 the	mean	






































Compositional	 analysis	 of	 ceramic	 powders	 as	 well	 as	 polymer-ceramic	 composites	
was	carried	out	using	XPS	(Table	3).	Between	PHP-5HA	and	PHP-10HA,	the	ratio	of	oxygen	to	
carbon	 increased	 due	 to	 the	 further	 addition	 of	 phosphate.	 XPS	 also	 highlights	 the	
incorporation	 of	 strontium	 into	 hydroxyapatite	 as	 evidenced	 by	 the	 comparison	 between	
strontium	substituted	hydroxyapatite	powder	(SrHA)	and	hydroxyapatite	powder	as	well	as	








Samplea	 C	 O	 S	 Ca	 P	 Sr	 O/C	 Ca/P	
HA	 13.3	 54.7	 -	 18.7	 12.3	 -	 4.1	 1.5	
SrHA	 14.0	 54.4	 -	 17.7	 12.4	 1.4	 3.9	 1.4	
PHP-5HA	 79.0	 17.5	 2.3	 0.6	 0.6	 -	 0.2	 1.1	
PHP-5SrHA	 83.3	 14.6	 1.4	 0.3	 0.3	 0.1	 0.2	 0.8	




Quantification	 of	 ceramic	 loading	 into	 the	 polymer	 matrices	 was	 performed	 using	
thermogravimetric	 analysis	 (Figure	 S2).	 Polymer-composite	 samples	 were	 subjected	 to	
elevated	 temperatures	 in	 order	 to	 remove	 organic	 content	 and	 determine	 the	 ceramic	



































PHP	 7	 148	±	11	 2.58	±	0.36	
PHP-5HA	 10	 153	±	20	 2.34	±	0.25	





magnitude	of	 the	standard	deviation	of	 the	sample	set.	This	heterogeneity	 in	part	reflects	
the	distribution	of	void	diameters	within	 the	porous	scaffold	which	results	 in	uneven	 load	
distribution	and	varies	between	 samples.	 Larger	pore	diameters	within	 the	 scaffold	mean	
that	local	stresses	within	the	matrix	will	be	greater	and	can	influence	the	spread	of	results.	
Moreover,	 the	method	employed	 for	 incorporating	 hydroxyapatite	 at	 high	 concentrations	
appears	to	compound	these	influences	by	producing	a	very	wide	void	diameter	distribution	
and	 a	 large	 mean	 void	 diameter.	 Hence,	 potential	 mechanical	 benefits	 provided	 by	 the	












as	 synthesised	 materials.	 Composite	 polyHIPEs	 were	 produced	 with	 either	 5wt%	
hydroxyapatite	or	5wt%	strontium-substituted	hydroxyapatite	to	reduce	the	impact	of	large	
void	 diameters	 at	 higher	 incorporation	 concentrations	 on	 cell	 phenotype.	 Due	 to	 oblique	













	 Over	 the	 culture	 period,	 cells	 were	 able	 to	 migrate	 through	 and	 populate	 the	









phosphates	 present	 in	 the	 hydroxyapatite	 coating	 on	 the	 scaffold	 surface.	 Consequently,	




is	 apparent	 (Figure	 5	 F,	 H),	 suggesting	 that	 mineralisation	 has	 progressed	 further.	 The	
nodules	on	sample	PHP-5SrHA	are	more	numerous	than	those	observed	in	PHP-5HA	despite	
being	 smaller	 in	 size.	 Furthermore,	 the	 background	 scaffold	 staining	 caused	 by	












The	 Alizarin	 Red	 (AR)	 stain	 was	 also	 applied	 in	 order	 to	 identify	 the	 progress	 of	
mineralisation	within	the	scaffolds	during	the	culture	period	(Figure	6).	AR	staining	was	used	
because	there	is	less	interference	from	the	scaffold	in	comparison	to	von	Kossa	in	terms	of	
stain	 uptake	 and	 it	 is	more	 sensitive	 to	 early	 time	 point	mineralisation.	 Furthermore,	 by	
implementing	 both	 von	 Kossa	 and	 AR	 staining,	 calcium	 and	 phosphate	 staining	 can	 be	
compared	for	overlap	to	indicate	the	presence	of	hydroxyapatite	or	calcium	phosphate.	It	is	






Cell	 adhesion	 and	 proliferation	 on	 scaffolds	 was	 assessed	 semi-quantitatively	 by	 a	
Bradford	 total	 protein	 assay	 (Figure	 7).	 Statistically	 significant	 differences	 were	 observed	
between	 Alvetex	 and	 PHP-5HA	 and	 PHP-5SrHA	 (p	 <	 0.01)	 at	 day	 7	 and	 at	 Day	 21	 (p	 <	
0.0001).	At	day	21,	a	statistically	significant	difference	was	noted	between	Alvetex	and	PHP-





levels	 are	 very	much	 higher	 on	 the	 bioceramic-modified	 scaffolds	 compared	 to	 those	 on	












activity	 of	 which	 has	 been	 shown	 to	 reduce	 as	 cells	 mature	 and	mineralization	 begins59.	
Normalized	ALP	expression	(Figure	8)	was	found	to	be	highest	at	the	earliest	timepoint	(day	
7)	 for	each	 scaffold	 type.	A	 statistically	 significant	difference	was	observed	 in	ALP	activity	

















advantages	 such	 as	 degradability,	 surface	 functionalisation	 and	 flexibility	 in	 chemistry.	 In	
tuning	 the	 properties	 of	 the	 emulsion-templated	 scaffold,	 a	 composite	 approach	 can	 be	
adopted	which	opens	another	avenue	for	tailoring	of	material	properties.	Hydroxyapatite	is	






bone	 formation	with	 and	without	 hydroxyapatite	 and	 has	 been	 linked	with	 promotion	 of	
osteoblast	activity	while	inhibiting	osteoclasts.		
Strontium	 ions	 were	 substituted	 for	 calcium	 in	 the	 hydroxyapatite	 lattice	 structure	
through	a	sorption	and	ion	exchange	process.	Based	on	the	ICP-OES	analysis,	a	reduction	in	
the	 strontium	 concentration	 in	 solution	 was	 accompanied	 by	 an	 increase	 in	 the	 calcium	
concentration	 of	 the	 supernatant.	 Given	 that	 the	 lattice	 structure	 simultaneously	
underwent	a	minor	expansion,	strontium	is	not	merely	adsorbed	on	the	surface	of	particles,	
but	has	been	 integrated	 into	the	crystal	structure	of	the	hydroxyapatite.	The	minor	 lattice	
expansion	reflects	 the	 larger	size	of	 the	strontium	 ion	compared	to	calcium.	Furthermore,	
apart	 from	hydroxyapatite	and	 trace	calcium	phosphate,	no	other	 crystalline	phases	were	
identified,	suggesting	that	no	new	crystalline	phases	have	 formed	 indicating	 incorporation	




hydroxyapatite	 in	 comparison	 with	 strontium	 substituted	 hydroxyapatite.	 The	 atomic	
concentration	of	calcium	is	observed	to	decrease	slightly	in	the	SrHA	sample.	Notably,	when	











of	 use	 in	 facilitating	 larger	 void	 diameters	 desired	 in	 in	 vivo	 scaffold	 implants	 while	 also	




Analysis	 of	 fabricated	 scaffolds	 by	 FTIR	 showed	 the	 presence	 of	 sharp	 phosphate	
absorbance	bands	indicative	of	hydroxyapatite.	In	particular,	the	appearance	of	the	double	






the	 concentration	 of	 hydroxyapatite	 is	 increased,	 the	O/C	 ratio	 also	 increases	 due	 to	 the	
presence	 of	 phosphate.	 To	 confirm	 the	 loading	 of	 hydroxyapatite	 into	 the	 scaffolds,	
thermogravimetric	 analysis	 in	 a	 nitrogen	 environment	 was	 performed.	 With	 good	
agreement	 between	 the	 loaded	 amount	 and	 the	mass	 remaining	 after	 burn-off,	 scaffolds	
are	capable	of	retaining	varying	degrees	of	ceramic.	
Mechanical	 responses	 of	 composite	 scaffolds	 were	 determined	 through	 uniaxial	
compression	 testing.	No	 significant	 differences	were	 observed	 in	 data	when	 an	 allowable	
error	of	2.8	standard	deviations	of	the	mean	was	applied.	To	reduce	the	 impact	of	outlier	








ceramic	 and	metal	 scaffolds	 exhibit	 much	 higher	 strength.	 To	more	 closely	mimic	 native	
bone	 which	 has	 inherent	 flexibility	 and	 strength,	 composite	 materials	 can	 address	 the	





use	 as	 a	 defect	 filler	 and	 support	 for	 additional	 therapy	 in	 the	 context	 of	 trabecular	
mandibular	bone.	The	Young’s	modulus	of	[human]	mandibular	bone	has	been	reported	by	
Misch	 et	 al.	 as	 being	 between	 3.5-125.6	 MPa.	 Given	 a	 compression	 modulus	 of	
approximately	 2.4	MPa	 determined	 for	 dry	 polyHIPE	 scaffolds,	mechanical	 properties	 are	
approaching	 the	 lower	 end	 of	 native	 tissue.	 Previous	 studies	 indicated	 a	 tensile	 Young’s	
modulus	 of	 19	 MPa	 for	 this	 material37.	 Principally,	 this	 discrepancy	 arises	 from	 the	 size	
difference	between	compression	and	tensile	samples	and	the	lower	strain	that	was	applied	
in	 compression	 compared	 to	 tension.	 At	 present,	 hydroxyapatite	 is	 incorporated	 by	
polymerising	 the	network	around	particles	and	 the	 level	of	 interaction	 is	 limited.	This	has	
implications	 for	 the	degree	of	 strengthening	which	can	be	attained	and	there	 is	 scope	 for	
improving	the	transference	of	load	between	the	polymer	and	the	ceramic	phase.		
No	significant	adverse	effects	were	observed	during	culture	of	MG63	cells	on	any	of	the	
polyHIPE	 scaffolds	 compared	 to	 Alvetex®	 cultures.	 Cell	 penetration	 into	 the	 scaffolds	
remained	high	across	all	samples	with	colonisation	sustained	throughout	the	scaffold	over	
the	culture	period.	Preliminary	results	indicate	that	the	incorporation	of	hydroxyapatite	and	
strontium-modified	 hydroxyapatite	 into	 the	 scaffold	 both	 enhances	 mineralisation	 and	
promotes	an	earlier	onset	of	mineralisation.	Furthermore,	the	incorporation	of	Sr	appears	to	
enhance	 mineralization	 across	 all	 timepoints.	 As	 limited	 mineralisation	 has	 occurred	 in	





The	 presence	 of	 strontium	 appears	 to	 enhance	 osteoblastic	 cell	 proliferation.	
Strontium-modified	 hydroxyapatite	 was	 shown	 to	 result	 in	 a	 more	 rapid	 formation	 of	 a	
surface	 apatite	 layer	 in	 simulated	 body	 fluid	 experiments	 than	 hydroxyapatite,	 indicating	
enhanced	 bioactivity57.	 Replacement	 of	 some	 of	 the	 Ca	 by	 Sr	 influences	 hydroxyapatite	
dissolution	behaviour.	The	same	study	also	showed	enhanced	osteoprecursor	cell	adhesion	
on	 SrHA	 surfaces	 compared	 to	HA,	 promoted	 an	 osteoblastic	 phenotype	 and	 significantly	
increased	cell	proliferation.	
ALP	 expression	 is	 highest	 on	 scaffolds	 without	 added	 hydroxyapatites,	 and	 in	 most	
cases	 diminishes	 as	 time	 progresses.	 It	 is	 known	 that	 ALP	 is	 down-regulated	 once	
mineralization	 is	 established59.	 Polak	 et	 al.	 observed	 a	 large	 reduction	 in	 levels	 of	 ALP	
activity	between	days	2	and	12	of	osteoblast	culture	on	bioactive	glass60.	At	the	same	time,	
calcified	bone	nodule	 formation	was	observed	on	bioglass	 surfaces	 as	 early	 as	 day	 6.	 Rat	




or	 SrHA	 encourages	 early	 mineralization	 of	 scaffolds,	 which	 in	 turn	 results	 in	 a	 down-
regulation	of	ALP,	 in	 comparison	 to	 scaffolds	without	added	bioceramic.	This	explains	 the	






While	 the	 current	 approach	 taken	 is	 unable	 to	 quantify	 the	 contributions	 to	 the	
microenvironment	 which	 trigger	 mineralisation	 events	 in	 these	 scaffolds,	 strontium-
substitution	into	hydroxyapatite	appears	to	result	in	more	reliable	and	earlier	formation	of	
bone	nodules.	Hydroxyapatite	by	itself	can	produce	larger	regions	of	mineralisation	even	if	
the	occurrence	 is	 rarer.	 Further	 investigation	 into	 the	osteogenic	gene	expression	profiles	
may	 better	 elucidate	 and	quantify	 the	 difference	 between	hydroxyapatite	 and	 strontium-
substituted	hydroxyapatite	 in	 these	 scaffolds.	Primary	evaluation	of	 the	 scaffold	materials	
has	 been	 accomplished	 using	 thin	 scaffold	 sections	 of	 approximately	 200µm	 thick	 which	
limits	 the	 maximum	 diffusion	 distance	 to	 cells.	 For	 translation	 to	 an	 in	 vivo	 context,	
sufficient	vascularisation	will	be	required	to	support	growth	into	the	scaffold	as	well	as	host	








bioceramic	 composite	 scaffolds	 showed	 improved	 mineralisation	 compared	 with	 those	
cultured	on	polymer-only	scaffolds	which	highlights	the	bioavailability	of	hydroxyapatite	to	




particular	 those	 containing	 Sr.	 High	 cell	 densities	 maintained	 over	 the	 extended	 culture	
period	are	evidence	that	the	scaffolds	are	biocompatible.	Further	work	to	tailor	the	scaffold	
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